et al.. Seasonal variation in wing size and shape between geographic populations of the malaria vector,
• Developmental and morphological plasticity is demonstrated among populations, • Wing shape chiefly varies among the geographic origin of mosquitoes, • Wing shape conformation thus link with local adaptation, • Wing size and surface area changes depend on the environmental cues experienced.
The mosquito, Anopheles coluzzii is a major vector of human malaria in Africa with widespread distribution throughout the continent. The species hence populates a wide range of environments in contrasted ecological settings often exposed to strong seasonal Anopheles coluzzii (Diptera, Culicidae), have to face high seasonality in their environment, with the occurrence of an adverse dry season during which mean temperatures rise, relative humidity decreases, and water collections dry up. In such environment, the population dynamics of anopheline species follow the pace of water collections availability (Adamou et al., 2011; Lehmann et al., 2014 Lehmann et al., , 2010 Yaro et al., 2012) . However, larval instars of An.
coluzzii can be found in both temporary (i.e. rain-filled) and permanent (i.e. generally manmade) water collections (Costantini et al., 2009; Gimonneau et al., 2012) . Hence, in areas where large anthropogenic (e.g. dams, ricefields, etc.) or natural (e.g. ponds, river edges, etc.) surface water collections are available all year round, mosquitoes persist and reproduce all year long, whereas in areas where only temporary waters are available, local mosquito populations virtually disappear during the dry season. In such area, An. coluzzii females might enter a state of quiescence/diapause and persist throughout the dry season by aestivation (Dao et al., 2014; Lehmann et al., 2010; 2014) . In this context, mosquitoes may have developed local behavioural, physiological and/or morphological adaptations to survive and persist during the adverse conditions of the dry season. There is indeed evidence in the recent literature for seasonal physiological adjustments in some anopheline species, including An.
coluzzii (Adamou et al., 2011; Hidalgo et al., 2014; Huestis et al., 2012 Huestis et al., , 2011 Huestis and Lehmann, 2014; Lehmann et al., 2010; Mamai et al., 2014; Yaro et al., 2012) . Whether these physiological changes sustain variation in other fitness traits of the mosquito remains unknown and their evolutionary and adaptive value has yet to be assessed.
Environmental conditions (i.e. biotic and abiotic factors) perceived by larvae during development are known to pilot insect's developmental rate (Couret et al., 2014; Damos and Savopoulou-Soultani, 2012; Lyons et al., 2013; Mouline et al., 2012) with consequences on adults' overall phenotypic quality, including their morphometric properties (i.e. shape, size, asymmetry) (Aboagye-Antwi and Tripet, 2010; Atkinson, 1994; Czarnoleski et al., 2013; Kingsolver et al., 2009; Pétavy et al., 2004) . Morphological approaches have recently received increasing attention mainly with the advent of new applications and current developments in geometric morphometrics (Ayala et al., 2011; Sadeghi et al., 2009; Zimmermann et al., 2012) . Although morphometric methods were traditionally used at the upper taxonomic level (i.e. at the genus/species level), geometric morphometrics now offers (Debat et al., 2011; Klingenberg and Marugán-Lobó, 2013; Klingenberg and McIntyre, 1998; Morales Vargas et al., 2013; Savriama et al., 2012) . One of the main added values of geometric morphometrics is its ability to consider the variation of both size and shape of individuals and/or organs separately. As such, wings have been the subject of many geometric morphometric analyses in insects (Baylac and Daufresne, 1996; Rohlf and Slice, 1990) , and many of these studies characterised populations within species among geographic and climatic variations (Haas and Tolley, 1998; Hoffman and Shirrifs, 2002; Morales Vargas et al., 2013; Roggero and d'Entrèves, 2005) . Indeed, it was shown that wing shape variation can inform on current or recent population events and contains a great deal of information on genetic variation among populations (Dujardin, 2011 (Dujardin, , 2008 . On the other hand, insect wing size, often used as a proxy of whole-insect size, has been shown to vary chiefly according to larval growth conditions (Koella and Lyimo, 1996; Lyimo et al., 1992; Mouline et al., 2012) . Recently, Andersen et al. To test this hypothesis, we monitored larval development and assessed adult phenotypic variation in five ecologically and geographically distinct populations of An.
coluzzii exposed to contrasted environmental cues mimicking the rainy and dry season conditions in Northern Burkina-Faso. Desiccation has been proposed as a major threat when larvae develop in temporary waters. It is therefore expected that mosquito populations adapted to breed in rain-dependant collections will speed-up their development in response to increased desiccation threat in dry season conditions (Diabaté et al., 2008) . On the other hand, because drying-out of the breeding site is not a threat when larvae develop in permanent waters, we predicted that the duration of larval development will increase in the dry season conditions, reflecting suboptimal growth conditions (e.g. exposure to extreme temperatures Here, we used wing geometric morphometrics and we monitored dry weight at emergence to explore phenotypic plasticity in emerging adult females when larvae were reared under contrasted environmental conditions.
MATERIALS AND METHODS

Sample populations
In Burkina-Faso (West Africa), annual rainfalls and duration of the rainy and dry seasons vary along a latitudinal gradient. Although, rainfalls do not exceed 300 mm during the 2-3 months of the rainy season in the northernmost regions (i.e. 9-10 months of dry season), it can be as high as 1,200 mm during the 5-6 months of the rainy season in the southernmost regions mimicked those observed in the fields and were tightly monitored using MicroLog Pro monitors placed inside the incubators and inside one of the rearing pans to monitor larval rearing water temperature (EC750, Davis Instruments, Hayward, CA, USA; see Figure 2 ).
Experimental rearing conditions
For each population, 3-4 independent sessions from fresh batches of eggs obtained from more than 50 caged gravid females were used to rear mosquitoes. For each session, two batches of eggs were merged in order to achieve large sample sizes and synchronous hatching. For each climatic chamber (N=3), the experimental conditions (RS, ODS) were switched between the sessions.
Upon collection in the population cages, eggs were transferred into independent plastic trays (30 cm × 20.5 cm × 6.5 cm) containing 1 L of deionised water, and immediately exposed to the RS or ODS experimental conditions in the climatic chambers. After hatching, first larval instars were readily transferred into new plastic trays filled with 1 L of deionised water at an optimal growing density of 200 larvae per tray to reduce variation in adult body size at emergence. Four to six plastic trays (i.e. 800-1,200 larvae) were used for each mosquito population and each experimental condition (RS, ODS). Every day, the position of the trays was randomly alternated to avoid positional effects within the incubators. Larvae were fed daily ad libitum with sprinkled ground fish food (Tetramin®) until pupation. Pupae were collected and immediately transferred into plastic cups (diameter 7 cm × height 8.5 cm)
filled with 10 mL of deionized water, and maintained under RS or ODS conditions until adult emergence. Males were discarded and the right wing of adult females was dissected out and mounted onto microscope slides for further geometric morphometrics analyses. For each anopheline population and each treatment (RS, ODS), a subset of freshly emerged (i.e. <1-h old) individuals issued from the different rearing sessions were randomly sampled and dried for 3 days at 60 °C. Dried females were then weighted using a microbalance (Sartorius SE2, d=1μg) to obtain the mosquito's dry mass.
Pre-imaginal development and body dry mass
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Wing geometric morphometry
Sample preparation and data acquisition
Pictures of the detached right wing of female mosquitoes were captured using a Religa 2000R Qimaging Iast 1394 digital camera connected to a binocular microscope (x40).
Pictures were calibrated, and the wing was put at the center of the visual field to allow accurate size comparisons, and to reduce the risk of optical distortion. As recommended by several authors a set of 12 landmarks (LM) per wing was digitised (Jirakanjanakit et al., 2008 (Jirakanjanakit et al., , 2007 ; Morales Vargas, 2013; Figure 3 ). Damaged wings were not used to perform this assay.
Wing size, shape and surface area
Wing size variation between experimental conditions (RS, ODS) and among the five populations of An. coluzzii was investigated using the isometric estimator Centroid Size (CS) derived from coordinate's data (Jirakanjanakit et al., 2008 (Jirakanjanakit et al., , 2007 Jirakanjanakit and Dujardin, 2005) . CS is defined according the following equation: CS = ( d²), where d represents the distance between the configuration centre of LM and each individual LM (Bookstein, 1997).
Wing shape conformations were obtained using the Generalized Procrustes Analysis Statistical significance of the PCA was checked by permutation tests (10,000 permutations).
A neighbour joining tree on the Mahalanobsis distances derived from the conformation variables was also examined. The significance of D (vector length) and (angular difference) calculated using the procedure described in Collyer and Adams (2007) 
Software used
The CLIC90 software developed by Dujardin and Slice (2007) and Dujardin (2008) was used (i) to perform the LM digitisation, (ii) calculate the superimposition coordinates, the wing CS and surface area, and (iii) perform the Collyer and Adams (2007) procedure.
CLIC90 was also used to build the neighbour joining tree based on the Mahalanobsis distances and the analysis of the metric disparity, both derived from the conformation variables.
We used the R 2.15.0 software (R Development Core Team, 2008) to perform the different permutation tests, Tukey post-hoc tests, PCA and statistical variance analyses. Figure 4A ).
RESULTS
Pre-imaginal development and body dry mass
Body dry mass was assessed for a total of 220 female mosquitoes (i.e. 10 to 34 individuals for each population and treatment). Analyses showed that the dry mass of female mosquitoes changed significantly between the rearing conditions and that these changes differed among mosquito populations, as shown by the significant interaction term (ANOVA, ddl=4, F=31.80, P<0.001). Indeed, whereas body dry mass decreased in females from Déou and Oursi (Northern locations) when they were reared in ODS conditions, it increased sharply in females from Bama (Southern location, permanent population; Figure 4B ). The trend for decreased dry mass in ODS conditions was not statistically significant in females from Soumousso and Ngousso.
Wing geometric morphometrics
A total of 489 wings from all experimental groups (i.e. populations and rearing treatments) were used as template to perform geometric morphometric analyses. Wings were randomly sampled in females issued from the different rearing sessions
Wing size
Significant variation in wing Centroid Size (CS) was found between the two experimental rearing conditions and these changes differed among the five mosquito populations, as supported by a statistically significant interaction term (ANOVA, d.f.=1, F= 2.65, P<0.05) . Although CS increased significantly when mosquitoes were reared under the ODS conditions in females from Oursi, Soumousso, Bama and Ngousso, no such change was observed in those from Déou (Northern location, temporary population; Figure 5 ).
Wing shape
The MANCOVA analysis showed that wing shape differed significantly between RS and ODS conditions and that these changes differed among the five mosquito populations, as supported by a statistically significant interaction term (MANCOVA, F 4,96 =1.64, P<0.001; Figure 6 ). A PCA analysis was thus performed to graphically assess the magnitude and direction of shape variation among experimental groups ( Figure 6 ). The first axis of the PCA (PC1) accounted for 45.8% of the total inertia. This axis depicted differences in several components of the wing, including the proximal-distal axis, and the posterior-distal compartment between the Burkina-Faso populations and the laboratory colony originating Figure 6 ). Analysis of the neighbour joining tree on the Mahalanobsis distances supported PCA results (Figure 7) . Accordingly, wing shape conformation differed more among geographic populations than between experimental rearing conditions within populations.
The Collyer and Adams (2007) procedure performed on wing shape conformation changes between RS and ODS showed that the magnitude of changes did not differ among geographic populations (Table 1) . However, analyses highlighted significant changes of direction between the two southern populations (i.e. Bama vs Soumousso, =100.70°;
P<0.001) and between the two permanent ones (i.e. Bama vs Oursi, =113.40°; P<0.001; Table 1 ).
MANCOVA analysis also highlighted that shape variables were not independent of allometric effects as supported by the significant effect of CS on wing shape variation between experimental rearing conditions (MANCOVA, F 4,24 =1.77, P<0.05), and among the five populations (MANCOVA, F 4, 96 =1.31, . Accordingly, multivariate regressions performed on mosquito populations showed a significant effect of wing CS on wing shape variation between RS and ODS conditions in females from Soumousso (R²=0.53, P<0.01) and Ngousso (R²=0.45, P<0.001), and their allometric models also differed between RS and ODS (Table 2) so that the greater the difference in size, the greater the difference in shape. However, no such relationship was observed in the three other populations.
Wing surface area
Analysis showed that the surface area of wings was positively correlated with its size (Pearson test, t 486 =12, R²=0.81, P<0.001; Figure 8 ). Therefore, both surface area and wing size presented a similar pattern of variation (Supplementary data 3) .
Metric disparity of the wing conformation
The metric disparity (MD) in wing conformation across all treatments was significantly more important than within each treatment (Figure 9 ). Moreover, analysis Whatever the experimental rearing conditions, females from Bama exhibited more diverse wing conformations (i.e. higher MD) than the four other populations.
DISCUSSION
The Our work further highlighted the redundancy in information brought by both size and surface area of mosquito wings, as shown by similar patterns of variation and significant correlation among the variables.
In insects, thermal conditions experienced during ontogenesis pilots the duration of larval development. Generally, within a permissive range of temperature, development speeds up with increasing temperature, until an optimal is reached; it then slows down when temperatures increase further (Colinet et al., 2015) . Moreover, examples including the Asian malaria vector An. stephensi showed that larval development slows down when temperature fluctuates around hot thermal ranges (Paajimans et al., 2010) . Similarly, water temperature in larval breeding sites was shown to influence the duration of larval development in the mosquito Culex pipiens (Madder et al., 1983; Rueda et al., 1990) and in major African malaria vectors including An. funestus and members of the An. gambiae complex (Bayoh and Lindsay, 2004, 2003; Gimonneau et al., 2013; Lyons et al., 2013) . Our results are in agreement with these findings and demonstrated significant impact of environmental rearing conditions on An. coluzzii pre-imaginal development duration. In particular, the results suggested that mosquitoes exposed to dry season conditions (i.e. ODS) with high mean temperature and strong daily fluctuations slowed down pre-imaginal development, suggesting Interestingly however, our results showed this effect was not observed in all of our test populations (i.e. Soumousso and Ngousso did not exhibited significant changes). Effects of thermal fluctuation on the development duration of pre-imaginal stages might be contextspecific depending on the proximity of the experimental conditions to the thermal development thresholds of the different mosquito populations, rather than the drying-out characteristics of their breeding-sites (Colinet et al., 2015; Kingsolver et al., 2009) .
Moreover, although extended larval development duration in ODS conditions resulted in larger emerging adults (i.e. higher wing size) in all our test populations, these adults were generally lighter than those obtained after rearing under RS conditions, except in the Bama population. This finding suggests that the ability of mosquito larvae to harvest, store and utilise resources is altered under strong thermal fluctuations, as demonstrated in other insect species (Lounibos et al., 2002; Reiskind and Zarrabi, 2012) . In Drosophila sp. re-allocation of resources under strong temperature fluctuation was explained by increased metabolic demands at the cellular level during development when insects are exposed to higher temperatures (Czarnoleski et al., 2013) . suggested for other Diptera species (Huey et al., 2000; Lyons et al., 2013; Reiskind and Zarrabi, 2012) . More collections from a wider area representative of the distribution range of An. coluzzii in Africa would be needed to draw strong conclusions about local adaptation to thermal environment in this species.
Interpreting pattern of variation of wing shape conformation is obviously tentative and hypothetic. Indeed, the incidence of geometric morphometric changes of insect's wing in flight aerodynamic remains poorly understood (Debat et al., 2008; Fry et al. 2003; Gilchrist et al. 2000) , and it remains very difficult to connect such geometric variations with functional constraints for organisms. Notwithstanding, there is evidence that the changes we observed in (Vogel, 1981) . Changes in wing size and surface area were also observed as a response to the environmental conditions experienced by mosquitoes during larval development. Accordingly, results showed that both size and surface area of wings, which were highly correlated and therefore redundant, increase in ODS-reared mosquitoes, expect in Déou females, suggesting that these two parameters also depend upon the geographic origin of mosquitoes. One hypothesis to explain such a wing variations could be based on air conditions variations at the onset of the dry season. Air density ( (Adamou et al., 2011; Huestis and Lehmann, 2014; Lehmann et al., 2014 Lehmann et al., , 2010 .
CONCLUSION
Overall results showed that wing size, shape and surface area of female An. coluzzii depend upon both the genetic background (geographic origin) and rearing conditions experienced by mosquitoes during their larval development. In particular, results highlighted that wing shape conformation mainly depend on the geographic and climatic conditions of the mosquito's habitat, whereas both size and surface mainly change as a response to the environmental conditions perceived during pre-imaginal development. Further investigations are however needed to understand the functional roles of these geographic and seasonal adjustments and to link such plasticity with the mosquito phenology observed in the fields.
Additional work is also required to examine phenotypic plasticity locally, and especially in areas where permanent mosquito breeding is possible in large irrigated areas (e.g. Bama) and mosquito phenotypic plasticity is highest. 
